This research was performed to find an alternative, low-cost, competitive, locally available and efficient adsorbent to treat nickel (Ni) containing effluents. For this purpose, several Brazilian agrowastes like sugarcane bagasse (SCB), passion fruit wastes (PFW), orange peel (OP) and pineapple peel (PP) were compared with an activated carbon (AC). The adsorbents were characterized. Effects of fundamental factors affecting the adsorption were investigated using batch tests. Kinetic and equilibrium studies were performed using conventional models. It was verified that the adsorption was favored at pH of 6.0 for all agro-wastes, being dependent of the Ni speciation, point of zero charge and surface area of the adsorbents. The Ni removal percentage was in the following order: SCB > OP > AC > PFW > PP. From the kinetic viewpoint, the Elovich model was appropriate to fit the Ni adsorption onto SCB, while for the other adsorbents, the pseudo-first-order model was the most suitable. For all adsorbents, the Langmuir model was the more adequate to represent the equilibrium data, being the maximum adsorption capacities of 64.1 mg g À1 , 60.7 mg g À1 , 63.1 mg g À1 ,
INTRODUCTION
Nickel (Ni) is the 24th most abundant element in the Earth's crust, with an estimated concentration of 0.008% (Coman et al. ) . This metal is used in many industrial fields, including mineral processing, electroplating, metal finishing, and production of paints and batteries (Malamis & Katsou ) . During the industrial processing, quantities of Ni are released, generating Ni containing effluents. If incorrectly treated, these effluents can be hazardous since Ni is nondegradable, toxic and can lead to biomagnification (Bhatnagar et al. ) . Also, damage to human health may occur, such as gastrointestinal distress, pulmonary fibrosis, renal edema and skin dermatitis (Najafi et al. ) . On the other hand, correct treatment minimizes the abovementioned damages and allows the recovery and reuse of Ni (Coman et al. ) . It is estimated that the concentration of Ni(II) in industrial effluents varies from 0.5 to 1,000 mg L À1 (Najafi et al. ), the maximum permissible limit being 3 mg L À1 for discharge in effluents (Najafi et al. ) . Therefore, the development of treatments to remove Ni from aqueous effluents is necessary. The treatments used to recovery/removal Ni(II) from industrial effluents include chemical precipitation, ion flotation, ion exchange, membrane filtration, adsorption and electrochemical methods (Coman et al. ) . All these treatments present advantages and drawbacks, but adsorption is one of the most commonly used (Abdel-Monem et al. ; San & Dönmez ). The main advantages of adsorption are the low cost, ease of implementation and operation, low energy requirements and high efficiency, even at lower concentrations (Yang et al. ; Weber et al. ) . On the other hand, the cost of activated carbon (AC) (the most commonly used adsorbent) limits its industrial applicability (Foletto et al. ; Zhang & Ou ) . Thus, in recent years, several works have focused on the search for low-cost and efficient adsorbents to remove Ni(II) from aqueous effluents (Bhatnagar & Some agro-wastes have been tested as adsorbents to recovery/removal of Ni(II) from effluents (Bhatnagar & Minocha ; Alomá et al. ) . For a cost-effective application of this practice, these residual materials should contain the usual characteristics of adsorbents (efficiency, low-cost, mechanical resistance) as well as high availability (Dotto et al. ) . For example, Brazilian agro-wastes such as sugarcane bagasse (SCB), passion fruit wastes (PFW), orange peel (OP) and pineapple peel (PP) can be easily obtained as wastes of agro-industries (MAPA ). The aforementioned wastes contain cellulose, hemicellulose, lignin and pectin, which are potential binding sites for Ni(II) (Alomá et al. ; Feng & Guo ; Pehlivan et al. ) . So, the use of Brazilian agro-wastes for Ni(II) adsorption presents a synergistic effect, contributing to the industrial solid wastes management (peel, bagasse) and providing an alternative way to treat Ni(II) containing effluents.
This work aimed to perform a comparison between Brazilian agro-wastes and AC as adsorbents to remove Ni(II) from aqueous solutions. The Brazilian agro-wastes such as SCB, PFW, OP and PP were prepared and, for comparison purposes, commercial AC was employed. The adsorbents were characterized according to the point of zero charge (pH zpc ), surface area and Fourier transform infrared spectroscopy (FT-IR). The adsorption study was carried out in batch mode, where the effects of initial pH, contact time and initial Ni(II) concentration were investigated. Pseudofirst-order (PFO), pseudo-second-order (PSO) and Elovich models were used to fit the kinetic data. Langmuir and Freundlich models were used to fit the equilibrium data. This study was realized in order to find an alternative, low-cost, competitive, locally available and efficient adsorbent to treat Ni(II) containing effluents.
MATERIALS AND METHODS

Preparation and characterization of the Brazilian agro-wastes
The Brazilian agro-wastes used as adsorbents were: SCB, PFW, OP and PP. These wastes were obtained from Brazilian food industries (juices, jams and sugar) and stored at À4 ± 1 W C until use. In order to obtain the agro-wastes in powder form, the following procedure was used: Brazilian agro-wastes were washed several times with deionized water until neutral pH. The samples were oven dried at 40 ± 2 W C for 48 h, ground (Wiley Mill Standard, 03, USA) and sieved until the discrete particle size ranged from 250 to 500 μm. The powdered adsorbents were stored in plastic bags at 25 ± 1 W C until use. For comparison, a commercial AC (Vetec, Brazil) (sieved until the discrete particle size ranged between 250 and 500 μm) was used. All the adsorbents were characterized according to the pH zpc , surface area and FT-IR. The pH zpc was determined by the eleven points experiment (Park & Regalbuto ) . 50 mL of deionized water with initial pH ranging from 1.0 to 12.0 (adjusted with HNO 3 and NaOH) were put in contact with 25 mg of adsorbent and stirred at 100 rpm and 
Adsorption experiments
The Ni stock solution (1.00 g L À1 ) was prepared from NiSO 4 ·6H 2 O (purity of 99.0%) (Sigma-Aldrich) and deionized water. All experiments were carried out by diluting this solution with deionized water. The experimental conditions of adsorption were determined by preliminary tests and all reagents were of analytical grade. The adsorption batch experiments were carried out at 100 rpm and 25 ± 1 W C in a thermostated agitator (Marconi, MA 093, Brazil) in order to verify the effect of initial pH and to obtain the kinetic and equilibrium curves. At first, the effect of initial pH was investigated (from 1.0 to 6.0) (adjusted with HNO 3 and NaOH) under the following fixed conditions: initial Ni(II) concentration of 100 mg L
À1
, contact time of 6 h, volume of solution of 50 mL and adsorbent amount of 0.100 g (the adsorbents in powder form were put directly in contact with the solutions). Subsequently, the kinetic experiments were performed in the more adequate pH, initial Ni(II) concentration of 100 mg L À1 , contact time from 0 to 360 min, volume of solution of 500 mL and adsorbent amount of 1.000 g (in the kinetic assays, samples were withdrawn at different time intervals and it was ensured that the final volume of the solution was at least 450 mL). Finally, the equilibrium experiments were realized in the more adequate pH, initial Ni(II) concentration from 50 to 300 mg L À1 , volume of solution of 50 mL and adsorbent amount of 0.100 g. After the experiments, the solid phase was separated by filtration (Whatman grade 40) and the remaining Ni(II) concentration in the liquid phase was measured by atomic absorption spectrometry with flame (Agilent, 240 FS AA, USA). The experiments were performed in replicate (n ¼ 3) using closed vessels and blanks were realized. The Ni(II) removal percentage (R, %), mass of Ni(II) adsorbed per gram of adsorbent at any time (q t (mg g À1 )) and at equilibrium (q e (mg g À1 )) were calculated as follows (Crini & Badot ) :
where C 0 , C t , C e (mg L À1 ) are the Ni(II) concentrations at t ¼ 0, at any time and at equilibrium, respectively, W (g) is the adsorbent amount and V (L) is the volume of the solution.
Kinetic models
In order to interpret the Ni(II) adsorption and verify how fast the operation occurs, some kinetic models were used to fit the experimental curves. For this purpose, PFO (Lagergren ), PSO (Ho & Mckay ) and Elovich models (Zeldowitsch ) were used. These models are given by the following equations:
where k 1 and k 2 are the rate constants of PFO and PSO models, respectively, in (min À1 ) and (g mg À1 min À1 ), q 1 and q 2 are the theoretical values for the adsorption capacity (mg g À1 ), a is the initial velocity due to dq/dt with q t ¼ 0 (mg g À1 min À1 ), b is the desorption constant of the Elovich model (g mg À1 ) and t is the time (min).
Equilibrium isotherms
In this work, Langmuir () and Freundlich () isotherm models were applied. These models are given by the following equations:
where q m is the maximum adsorption capacity
À1/nF and 1/n F is the heterogeneity factor. Another important aspect of the Langmuir model is the equilibrium factor, R L :
For R L ¼ 1, the isotherm is linear, 0 < R L < 1indicates a favorable process and, R L ¼ 0 indicates an irreversible process (Hamdaoui & Naffrechoux ) .
Statistical evaluation of the fitted models
The kinetic and equilibrium parameters were determined by fit of the models with the experimental data through nonlinear regression. The parameters were estimated minimizing the least squares function, using the Quasi-Newton estimation method. The calculations were realized using Statistic 9.1 software (StatSoft, USA) (El-Khaiary & Malash ). The fit quality was verified through determination coefficient (R 2 ), average relative error (ARE) and Akaike information criterion (AIC) (Bozdogan ; Dotto et al. ), as follows:
where q i,model is each value of q predicted by the fitted model, q i,exp is each value of q measured experimentally, q i, exp is the average of q experimentally measured, n is the number of experimental points, p is the number of parameters of the fitted model and SSE is given by:
RESULTS AND DISCUSSION
Characterization of the Brazilian agro-wastes SCB, PFW, OP and PP were characterized according to the pH zpc , surface area and FT-IR. The pH zpc and surface area are presented in Table 1 . The pH zpc is an important indicator of the adsorbent surface charge as a function of pH. If the solution pH is lower than pH zpc , the adsorbent is positively charged and, if the solution pH is higher than pH zpc , the adsorbent is negatively charged (Park & Regalbuto ) . It can be seen in Table 1 that the pH zpc of the Brazilian agro-wastes and AC was in the following order: PP > AC > OP > PFW ¼ SCB. This result shows that SCB, PFW and OP are more accessible to acquire negative charges. On the contrary, PP and AC have positive charges in practically all pH values used in the adsorption experiments (the experiments were performed at pH 1.0-6.0). These differences can be explained based on the different contents of cellulose, hemicellulose, lignin and pectin present on the agro-wastes (Pavan et (Feng et al. ) . The abovementioned functional groups are typically found in several agricultural wastes, such as those investigated in this work. These groups can be potential binding sites for Ni(II). In relation to the AC, the unique visible band is at 3,350 cm À1 relative to the hydroxyl groups (-OH).
Effect of initial pH
In this work, the pH effect was studied from 1.0 to 6.0 (higher values were not studied to avoid the Ni precipitation) and the results are presented in Figure 1 . It was found that for the agro-wastes (SCB, OP, PFW and PP), the Ni(II) removal percentage (R) increased with the pH, reaching maximum values at pH 6.0. However, for AC, the R values were independent of pH. This occurred because at lower pH values there is strong competition between Ni 2þ and H þ for the adsorption sites. Another observation in Figure 1 is that the pH effect on R was more pronounced when SCB and OP adsorbents were employed. This fact may have occurred because SCB and OP presented low values of pH zpc , being more easily deprotonated (in relation to the other adsorbents). Furthermore, it was found in Figure 1 that Alomá et al. () in the adsorption of Ni(II) on brown macroalgae and SCB, respectively. Based on the above results and discussion, initial pH of 6.0 was selected for the subsequent studies.
Kinetic study
The kinetic curves for the Ni adsorption onto Brazilian agrowastes (SCB, OP, PFW and PP) and AC were constructed at pH ¼ 6.0 (Figure 2 ). These kinetic curves presented a typical trend from 0 to equilibrium. For PP and PFW, the initial adsorption rate was high, then it decreased and finally, equilibrium was reached at 60 min. In the case of OP and AC, equilibrium was reached at 100 min (Figure 2 ). On the other hand, for SCB, the Ni(II) adsorption continues to increase even after 150 min and equilibrium was not established until 250 min. This is probably because the characteristics of SCB, which allowed the Ni(II) adsorption to proceed in the internal negatively charged sites of the adsorbent (which is a slower process due to the diffusion mass transfer phenomena).
To interpret the kinetic curves in quantitative terms, the experimental data ( Figure 2) were fitted with the PFO, PSO and Elovich models. The results are shown in Table 2 .
For SCB, PSO and Elovich models presented suitable values of ARE, R 2 and AIC, but the PSO model overestimated the q e (equilibrium adsorption capacity) values. Thus, the Elovich model was selected to represent the Ni(II) adsorption on SCB. In relation to the other adsorbents (OP, PP, PFW and AC), PFO and PSO models presented satisfactory values of ARE, R 2 and AIC (Table 2) . However, the PSO model overestimated the q e values, while the PFO model predicted these values precisely. In this way, for OP, PP, PFW and AC adsorbents, the PFO model was selected to represent the experimental data. The parameter k 1 confirms that the Ni(II) adsorption on PFW and PP was faster than the Ni(II) adsorption on OP and AC. However, OP and AC presented higher values of adsorption capacity (q 1 ). The PSO and Elovich models were also suitable to represent the Ni(II) adsorption onto others adsorbents, as presented by Malamis & Katsou () .
Equilibrium study
The equilibrium study was performed to characterize equilibrium sorption as a function of the dissolved Ni(II) Figure 1 | Effect of initial pH on the Ni adsorption onto Brazilian agro-wastes and AC 
concentration. The curves were constructed at initial pH of 6.0 and are presented in Figure 3 . The curves presented a typical behavior of an L2 type isotherm (Giles et al.  ). An inclined portion followed by a plateau was observed. The inclined portion represents the affinity between Ni(II) and agro-wastes, and the plateau represents the maximum adsorption capacity. The isotherms of SCB, OP and AC were more inclined than PP and PFW, demonstrating that these adsorbents have more affinity and accessible sites for Ni(II). Furthermore, for SCB, OP and AC, the plateau was established at higher values of q e . This behavior can be explained based on the surface area and pH zpc of the adsorbents (detailed in the above sections). These findings indicate that SCB, OP and AC are more promising adsorbents to remove Ni(II) from aqueous solutions than PP and PFW. The Langmuir and Freundlich models were fitted to the equilibrium data in order to understand the Ni(II) adsorption. The results are shown in Table 3 .
The high values of R 2 (R 2 > 0.98) and the low values of ARE (ARE < 6.5) and AIC (AIC < 22) are presented in Table 3 and demonstrated that the Langmuir model was the more adequate to represent the Ni(II) adsorption onto agro-wastes and AC. It was found that 0 < R L < 1, indicating that the Ni(II) adsorption onto agro-wastes and AC was a favorable process. The K L values were higher for SCB, OP and AC in relation to PP and PFW (Table 3) . This corroborates that SCB, OP and AC have more affinity for Ni(II) than PP and PFW. The maximum adsorption capacities In order to verify the suitability of the adsorbents used in this work to treat Ni(II) containing effluents, a comparison between the maximum adsorption capacities (q max ) of several adsorbents used to remove Ni(II) from aqueous solutions was performed. The results are presented in Table 4 . At first, it should be considered that there are some large differences between q max values for the same or similar materials. This is a result of the different experimental conditions and specific characteristics of the materials. It can be seen in Table 4 that SCB and OP presented adsorption capacities similar to AC. Also, SCB and OP presented adsorption capacities higher than some synthetic and natural adsorbents used to remove Ni(II). In addition to the competitive adsorption capacities, SCB and OP present low-cost and are locally available in many countries as agro-industrial wastes. Based on the aforementioned, it can be affirmed that SCB and OP are alternative, low-cost, competitive and efficient adsorbents to treat Ni containing effluents. 
